Introduction
Laser-induced plasma emission spectrometry (LIPS) is a rapid analytical method that can determine the elemental composition in a remote-sensing configuration without any need for sample pretreatment; therefore, it is expected to be practically employed for the analysis of industrial process control. 1 In LIPS, a gas body in the plasma state, in which specimen sampling, atomization, and ionization occur, is produced near the sample surface through convergent laser beam irradiation with a high energy density. 2 This sampling process is called laser ablation, where sample atoms are evaporated from the surface and are then introduced into the plasma. The sampling amount is strongly dependent on the thermal properties such as the melting point, vapor pressure, and so on; therefore, it does not necessarily correspond to the chemical composition of a sample but may be under a complicated dependence on the sample composition. When conducting the quantitative analysis, one needs to understand the laser ablation process of the sample, so as to estimate the emission signal with good precision and repeatability, and then to improve the reliability of the analysis.
In a previous paper, we reported on the sampling behavior and calibration curves in LIPS quantitative analysis when a nickel-zinc binary alloy system was employed as the sample. 3 Nickel-zinc alloys have very different thermal properties, depending on the chemical composition as well as the alloy phases: α phase (Ni solid solution matrix phase), β phase (NiZn intermetallic compound), γ phase (NiZn3 intermetallic compound). 4 Ablated amounts of the alloy samples were observed to be significantly reduced compared to a pure zinc sample, which was attributed to the fact that the alloy formation prevented the volatilization of the zinc atom itself. The calibration curve was estimated using different measuring conditions, having a common feature that a linear correlation was not established but that the relative emission intensity of zinc became smaller at higher zinc contents. Because this behavior was not affected by the type of analytical line and the LIPS conditions for the emission analysis, we could consider that it was caused by a difference in the metallurgical feature of each alloy sample, rather than by a difference in the excitation characteristics between constituent elements. We also conducted LIPS analysis of an iron-matrix chromium binary alloy system (the Cr content <20 mass%), whose metallurgical structure was a homogeneous solid solution. 5 It revealed that calibration curves using the intensity ratio of several emission lines, which had similar excitation energies, followed linear relationships. It is thus necessary to explain these phenomena over the different alloy samples reasonably.
In this study, we investigate calibration curves for a copper-nickel alloy system, the metallurgical structure of which is quite different from the nickel-zinc alloy system. The thermal properties are similar between copper and nickel, and a single-phase solid solution is formed in the copper-nickel binary alloy, independent of its chemical composition (all-proportional solid solution). 4 We can thus consider that the ablation process in the copper-nickel alloy system would be less dependent on the chemical composition. It is interesting to study how such metallurgical features affect the calibration relations, by comparing copper-nickel and nickel-zinc binary alloys, which would contribute to our understanding of the sampling process in LIPS in more detail. The composition dependence of the emission intensities was investigated in Cu-Ni as well as Ni-Zn binary alloy samples when a low-pressure argon laser-induced plasma was employed as the excitation source. The calibration curve in the Cu-Ni alloy system gave a linear relationship, implying that the selective evaporation of Cu or Ni atoms was caused less in those alloys having several chemical compositions. The Cu-Ni binary alloy has a solid solution phase all over the chemical compositions (all-proportional solid solution): Cu and Ni atoms form no intermetallic compounds but can occupy any positions of a face-centered cubic lattice without any particular interaction. This metallurgical structure would enable Cu and Ni atoms to be released from the sample surface individually, which means that the amount of ablation corresponds to the chemical composition of the alloy sample. For a comparison, a Ni-Zn binary alloy system was also investigated to find calibration curves yielding a nonlinear relationship, differing from those of the Cu-Ni alloy. The reason for this is that the Ni-Zn binary alloy has several metallurgical phases comprising different intermetallic compounds which would each vary the evaporation behavior of Zn. It should be paid attention in LIPS that the ablated composition after laser irradiation is sometimes different from the chemical composition, depending on the kinds of samples and their metallurgical structures. 
Notes

Experimental
The apparatus and the operating conditions used in this study was the same as those mentioned in our previous paper. 3 A diagram for the measuring device has been published in another report.
6 Table 1 is a summary of the measurement conditions. Because the plasma emission within a single laser shot is drastically varied with the duration time, how timing the emission intensity is measured to obtain a large signal-to-background intensity ratio, is known to have a major impact on the analytical characteristics. 7, 8 The plasma commonly yields the most intense radiation just after the breakdown but the background intensity also becomes high, which requires to set criteria under consideration of the background strength. 9, 10 Also, if an internal standard line is selected, it should exhibit a similar temporal variation in the intensity to that of the analytical line. A time interval for measuring the emission intensity (gate width) and a waiting time to start the measurement after the breakdown (delay time) are important experimental factors. 11 An ICCD detector employed had ns-order time resolution; therefore, a time-resolved measurement could be conducted in a single laser-shot plasma. In this study, gate widths of 1000, 2000, and 4000 ns, and delay times of 1000, 2000, 3000, and 4000 ns were employed when calibration curves were estimated. The Cu I 512.82-nm line (6.19 eV) 12 and the Ni I 471.44-nm line (6.01 eV), 12 having similar excitation energies, were employed as the analytical line. Their emission intensities were estimated by averaging during 400 laser shots.
Pure Ni, 90 mass% Ni-10 mass% Cu, 70 mass% Ni-30 mass% Cu, 60 mass% Ni-40 mass% Cu, 40 mass% Ni-60 mass% Cu, and pure Cu were prepared as test samples. The surfaces were cleaned with ethanol after polishing with emery papers.
Results and Discussion
Evaluation of sampling amounts
For each sample, a crater produced after laser irradiation of ca. 470 shots was observed with an optical microscope. The crater comprised a molten bottom portion and a raised edge portion in all the samples having various alloy compositions. This suggested that the sample surfaces were melted and then volatilized by the laser ablation process. The depth of the crater was determined from the focussing depth of the optical microscope, and then the amount of sampling for each sample was estimated by assuming a half-ellipsoid shape of the crater. Figure 1 shows the results. The ablated amount of a pure copper sample is slightly greater than that of a pure nickel; however, the copper-nickel alloy samples have the values between those of pure copper and pure nickel. The sampling amounts for these alloys become slightly larger than the corresponding values expected from those of pure metals, assuming that no interaction occurs between copper and nickel atoms (a straight broken line connected between the sampling amounts of pure metals, as shown in Fig. 1) . Therefore, laser ablation of these alloy samples may be caused a little more easily by alloying with copper, but the degree is minor.
The melting point and vapor pressure of copper (Tm = 1356 K, Ts = 1546 K at 1.3 Pa) are lower than those of nickel (Tm = 1728 K, Ts = 1783 K at 1.3 Pa); therefore, copper is a little more volatile. The result of Fig. 1 is considered to be derived from these thermal properties.
In the case of nickel-copper alloys, the metallurgical structure is a single solid solution all over the chemical compositions. 4 In other words, nickel atoms enter into the matrix phase on the copper-rich side, forming a solid solution where nickel atoms are randomly located at the lattice points of copper. On the nickel-rich side, the lattice points of nickel are randomly replaced with copper atoms. The non-particular atomic interaction would lead to individual ablation of nickel and copper atoms in accordance with each thermal property. The ablation process in the nickel-copper alloy system can be interpreted by both their thermal properties and the metallurgical characteristics.
Calibration curve
For a comparison, a typical calibration curve for nickel-zinc alloy samples, which had previously been reported, 3 is shown in Fig. 2 . We determined the measuring conditions at a gate width of 4000 ns and a delay time of 1000 ns in order to avoid the breakdown zone of the plasma region as well as to obtain a fully-integrated intensity ratio of Zn I 481.05 nm/Ni I 341.48 nm. The calibration curve shows no linear correlation, but has the intensity ratio deviating from a linear relation towards lower values as the zinc content increases in the samples. Such changes in the calibration curve were commonly observed, independent of the measurement conditions and different types of the analytical lines. 3 Therefore, this phenomenon is principally due to different ablation behaviors of nickel and copper, rather than being due to the plasma characteristics for excitations of their emission lines. Zinc has a high vapor pressure as well as a low melting point (Tm = 693 K, Ts = 616 K at 1.3 Pa) compared to those of nickel (Tm = 1728 K, Ts = 1783 K at 1.3 Pa): zinc atoms are much more vaporized than nickel atoms. However, a nickel-zinc binary alloy exhibits several different metallurgical phases depending on the chemical composition, and these phases change the thermal stability of zinc atoms, which may suppress the volatilization of zinc atoms.
The metallurgical structure of a nickel-zinc binary alloy can be found in the binary phase diagram: 5 a uniform structure of α phase (a solid solution) in the 20 mass%-Zn alloy, an eutectic structure of α phase and β phase (NiZn intermetallic compound) in the 40 mass%-Zn alloy, and an eutectic structure of β phase and γ phase (NiZn3 intermetallic compound) in the 60 mass%-Zn alloy. 3, 4 Although the vapor pressures of these intermetallic compounds could not be found in literatures, it was expected that they were much less vaporized than pure zinc because of their higher melting points. 3 Therefore, it would be due to a difference in the ablation rate of these phases that the calibration curves in the nickel-zinc binary alloys deviate from a linear relationship.
Figures 3 -5 show calibration curves in the case of a copper-nickel binary alloy system, when a gate width of 1000, 2000, or 4000 ns, and a delay time of 1000, 2000, 3000, or 4000 ns are employed as the measuring conditions of the ICCD detector. The intensity ratio of Cu I 512.82 nm/Ni I 471.44 nm against the atomic ratio of copper/nickel was plotted in these figures. Triplicate measurements were conducted for obtaining each emission intensity. The relative standard deviations for all of the data were estimated; for instance, in a measuring condition of 1000-ns gate width and 1000-ns delay time, they were 1.9% for the pure Cu, 2.2% for the 10 mass% Cu, 1.8% for the 30 mass% Cu, 1.1% for the 40 mass% Cu, and 6.2% for the 60 mass% Cu, in the Cu I 521.82-nm line, and they were 3.4% for the 10 mass% Cu, 4.4% for the 30 mass% Cu, 2.8% for the 40 mass% Cu, 3.2% for the 60 mass% Cu, and 16.8% for the pure Ni, in the Ni I 471.44-nm line. Most of the intensity data were obtained at relative standard deviations of less than 6%.
When the gate width is selected to be 2000 ns (Fig. 4 ) and 4000 ns (Fig. 5) , each calibration curve well follows a linear relationship, and also a calibration curve at a gate width of 1000 ns (Fig. 3 ) is close to being linear, indicating that the ablation amounts of copper and nickel vary following the chemical compositions in the samples. Differing from the nickel-zinc alloy system, as shown in Fig. 2 , selective evaporation of the constituent elements or suppression of their ablation is caused less by alloying in the copper-nickel alloy system. The major reason for this is that the nickel-copper binary alloy system has no intermetallic compound phases but a uniform phase comprising a solid solution where nickel and copper atoms occupy random sites of a face-centered cubic lattice. 5 When the sample surface becomes a molten state by laser irradiation, nickel and copper atoms are independently evaporated, regardless of the bulk composition of these alloy samples. In this case, copper and nickel have similar thermal properties, such as a melting point and a vapor pressure; therefore, the ablated amount of each element would roughly correspond to the chemical composition of the samples. As shown in Figs. 3 and 4 , the slope of the calibration curve is not identical at four different delay times, implying that temporal changes in the emission intensities are different between the copper and the nickel lines. 3 This would result from the fact that their emissions are caused through complicated optical transitions, especially including stepwise de-excitation channels from higher auto-ionization levels, 6 being different between the copper and the nickel lines. This effect could be alleviated by integrating the emission intensity with increasing gate widths, as illustrated in Fig. 5 . Because the emission lines of copper and nickel become mutually available as internal standard lines, linear correlations for the calibration curves can be obtained. In the case of nickel-copper alloy samples, quantitative analysis can be performed easily over a wide concentration range, by measuring the emission intensity integrated at an appropriate gate width and by avoiding large background emission after the breakdown.
Conclusions
The behavior of the calibration curve in LIBS was investigated when a series of nickel-copper binary alloys was employed as a test sample. In integrating the emission intensities during a single shot of the laser by using larger gate widths, the calibration curves of the copper/nickel intensity ratio yielded linear relationships with the copper/nickel atomic ratio, meaning that the ablation amounts of nickel and copper directly correspond to the chemical composition of the sample. This effect is because the copper-nickel alloy system not only has a uniform metallurgical structure of a solid solution phase but comprises constituent elements having similar thermal properties, thus causing little suppression and/or enhancement of the evaporation in the laser ablation. On the other hand, nickel-zinc binary alloys, comprising several intermetallic compound phases, showed no linear calibration due to the decreased ablation of zinc from the alloy sample. It should be noted that the sampling composition by laser ablation, in some cases, deviates from the chemical composition depending on the kind of a sample and its metallurgical structure, when performing quantitative analysis in LIPS.
